Abstract: Resonant micro-optic gyros (RMOGs) with waveguide-type ring resonators are promising candidates for applications demanding small, light, and robust gyros. However, the nonzero bias at the gyro output fluctuates in terms of both the bias and the bias stability, owing to the temperature variations of the waveguide-type resonator. In particular, the temperature sensitivity of the bias stability varies greatly depending on the temperature. This paper intends to reveal that these observed fluctuations arise from the temperaturedependent polarization fluctuation. We will investigate how such polarization fluctuation affects the bias of the gyro-output through the state of polarization of the input beam, the polarization characteristics of the resonator coupler, and the temperature variation of the resonator. Both our numerical simulation and experimental verification are carried out, which, for the first time to our best knowledge, demonstrate that the long-term stability of the RMOG can be significantly improved by optimizing the temperature of the waveguide resonator.
Introduction
Among available gyro technologies, the optical-based gyros are attractive since they are insensitive to vibrations and acceleration, and are capable of handling a large range of rotation rates. The two well-known optical gyros are the ring laser gyro (RLG) and the interferometric fiber-optic gyro (IFOG). While both RLG and IFOG have been widely adopted, their further applications are limited in terms of size, weight, and robustness [1] - [3] . In recent years, the resonant micro-optic gyro (RMOG) with a waveguide-type ring resonator (WRR) emerges as an excellent alternative in this regard, which greatly benefits from the recent technical progress of integrated optics. In the RMOG system, the rotation rate readout is given as the resonant frequency difference between the clockwise (CW) and counter-CW (CCW) lightwaves propagating in the WRR through the Sagnac effect [4] . The length of the sensing loop in the RMOG system can be greatly reduced, due to the enhanced Sagnac effect established by circulating lightwaves in the loop. The adoption of integrated optics technology allows constructing the WRR and other individual optical elements on one substrate, enabling mass production of RMOGs featuring low cost, small size, and rugged architecture.
Optical passive resonant gyros are classified into two types. One is the RMOG, which is studied in this paper, and the other is the resonator fiber-optic gyro (RFOG), which uses a fiber-type ring resonator (FRR). So far, several approaches have been adopted to incorporate WRRs into RMOGs [2] , [3] , [5] - [10] . However, these RMOGs still suffer from various noises, with backscattering and the polarization fluctuation as the two major sources. Noises from both sources have much stronger effect on the gyro sensitivity than the shot-noise associated with the photodetectors. The backscattering error is estimated to be about 4500 /s in a typical silica waveguide RMOG [9] . While research shows that such a noise may be reduced by using the multiple carrier-suppressed phase modulation technique [9] , [10] , it only offers a short-term bias stability of 38 /h for an integration time of 10 s over 50 s [10] .
To reduce the error introduced by the polarization fluctuation, the WRR in the RMOG should provide polarization-maintaining (PM) ability, creating a device of PM-WRR. When the PM-WRR device is in operation, two states of polarization (SOPs) in a RMOG associated with the beneficial component of eigen-SOP (ESOP), defined as desired ESOP component, are excited simultaneously and will return to their original states after one roundtrip [11] . This PM ability, however, cannot remove the harmful component of ESOP, defined as undesired ESOP component, which appears as the second peak or dip in the resonant curve and leads to both intensity and interference errors [12] . A further investigation shows that the temperature variation is responsible for this undesired ESOP component since ESOP is strongly birefringence dependent, which is also strongly temperature dependent. Hence, the long-term stability of the resonant gyro is determined by the well-controlled temperature surrounding the device. In recognition of this vital factor, researchers have proposed several structures of the FRRs, including the FRR with a single 90 polarization-axis rotated splice [13] , [14] and the FRR with twin 90 polarization-axis rotated splices [12] , [15] . While, for fiber-optic-based gyros, they proved to be effective both theoretically and experimentally, rotating the polarization axis in integrated optics based optical waveguides is not an easy task. On the other hand, investigations indicate that this undesired ESOP component may trigger an additional resonance that drifts so rapidly that it may coincide with the desired resonance and leads to large errors. Thus, to improve the long-term stability of the RMOG, considerable efforts have to be directed toward developing new techniques to stabilize the temperature-dependent birefringence of the conventional PM waveguide.
In this paper, we propose a unique solution that can effectively improve the long-term stability of the RMOG by setting an optimized temperature of the silica WRR element. In the next several sections, we will present our experimental investigations, simulations, and analysis work devoted to finding this optimized temperature.
Experiments

Gyro Output Observations
It has been verified that the sinusoidal phase modulation technique can be applied to the RMOG [16] . To remove the effect of the backscattering error, the double-phase modulation technique (DPMT) is adopted. Further details on the DPMT are in [10] . When in operation, a resonant frequency servo loop holds the frequency of the input lightwave at the center of a CCW resonance by controlling the central frequency of the laser source. The resonant frequency difference between the CW and CCW lightwaves can be obtained from the CW discriminant, which measures the detuning of the frequency of the input lightwave with respect to a CW resonant frequency [9] , [10] , [17] . An active temperature-controlled system is applied to the silica WRR with temperature-control accuracy within AE0:02 C. Fig. 1 shows gyro outputs obtained from the CW discriminant at different temperatures applied to the silica WRR. In theory, the gyro output resulting from the Sagnac effect should be zero for the stationary RMOG. A nonzero bias appears at the gyro output. We see that both the bias and bias stability of the RMOG are affected by the temperature of the WRR. In particular, Fig. 1 indicates that the bias stability is much less sensitive to the temperature fluctuation at certain temperatures. For example, from C, 25.7 C, and 30 C, respectively. Small biases appear when the temperature is lower than 20 C or higher than 30 C, corresponding to regions A and E , respectively. The bias varies greatly in the temperature range from 20 C to 30 C and two extremes of the bias appear at the temperatures of 24.4 C and 25.7 C, respectively. A 1.3 C change in temperature of region C results in a bias drift as large as 1440 /s, suggesting that, when the temperature of the silica WRR is in region C, a high temperature stability of the silica WRR is required to achieve a high bias stability of the RMOG. Fig. 2(b) shows the bias stability of the RMOG as a function of the temperature variations in the silica WRR, which clearly indicates that an appropriate temperature of the silica WRR can significantly improve the bias stability of the RMOG.
We also notice that the temperature of the silica WRR itself and the temperature of the input pigtail fibers of the WRR affect the bias of the RMOG. Fig. 3 shows a set of curves describing the bias of the RMOG as a function of the temperature of the one of the input pigtail fibers. Each curve is recorded by applying a constant temperature to the silica WRR, which is 15 C, 23 C, 25 C, 27 C, or 35 C. These curves show that the fluctuation of the measured bias of the RMOG obeys a quasisinusoidal-like curve.
Measurement of the Optical Kerr Effect
A nonzero bias appearing at the gyro output is produced by the nonreciprocal noises in the RMOG. Three main nonreciprocal noises in the RMOG arise from the backscattering, the polarization fluctuation, and the optical Kerr effect, respectively. The backscattering-induced noise can be reduced significantly by the carrier-suppressed sinusoidal phase modulation [9] , [10] . The optical Kerr effect is related to the intensity difference between the CW and CCW lightwaves of the WRR, which is given by [18] : Fig. 4 shows the measured intensities of the CW and CCW lightwaves, which indicates that the maximum intensity difference is 93.37 W over 500 s. This generates an equivalent bias of 2.3 /s. A peak-to-peak intensity variation of 0.33 W leads to an equivalent bias stability as low as 28. 7 /h, and the maximum intensity difference is 95 W over 1 h. The peak-to-peak intensity variation of 2.16 W produces an equivalent bias stability of less than 0.05 /s. Compared with those large biases in Figs. 2 and 3 , the influence of the optical Kerr effect on the bias of the RMOG can be ignored. The polarization fluctuation is then considered to be the main source of error.
Simulation and Analysis
Resonance Frequency Shift Calculation
In this section, we calculate the shift in the resonant frequency of the desired ESOP, represented by f 1 . Recall our discussion in Section 1; this shift is triggered by the second dip of the undesired ESOP, represented by f 2 . The separation between the two frequencies is represented by f d . In Fig. 5 , E 1 and E 2 are the electric amplitudes of the output beams of the WRR for the desired ESOP and undesired ESOP, respectively. À 1 and À 2 stand for their full widths at half-maximum (FWHM) of the resonant curves. In general, the resonant curves of each independent ESOP can be approximated by the Lorentzian lineshapes, and thus:
where a and b are the amplitudes of the peak fields of E 1 and E 2 , respectively. The practical WRR should consider the polarization-dependent characteristics in the coupler. In this case, the two ESOPs of the WRR are no longer orthogonal to each other. The total intensity of the WRR, represented by I, can be written as:
where the symbol Ã denotes a complex conjugate and Re(I) represents a real part operation. The first two items I 1 and I 2 are the intensities of the two ESOPs, respectively. The third item I 3 is the interference between I 1 and I 2 . We can calculate the resonance frequency shift of the desired ESOP by finding the solution to the derivative of I, @I=@f ¼ 0, which is:
Assuming that the separation f d is sufficiently large and f d ) À 1 and f d ) À 2 , the resonance frequency shift may be expressed as:
Equation (5) suggests that the polarization-fluctuation-induced frequency error stems from the following three sources: the ratio between the peak fields of E 2 and E 1 , represented by b=a, the resonant dips separation f d , and the FWHMs (À 1 and À 2 ) of the resonant curves of the two ESOPs. Moreover, both the polarization-dependent characteristics of the coupler and SOP of the input beam also make significant contributions to this error. In the experiment, the output of the RMOG is obtained by detecting the resonant frequency difference between the CW and CCW lightwaves propagating in the WRR, while the output error of the RMOG is determined by the nonreciprocal characteristics of the CW and CCW lightwaves.
Polarization-Dependent Characteristics of the Coupler
The effects of the coupler used in the WRR on the resonant curves arise from its polarization extinction ratio (PER), or polarization crosstalk, and the polarization-dependent loss (PDL). The PER can be described by an equivalent misalignment angle between the coupled waveguide principal axes, defined by À20logðtanÞ. Fig. 6(a) shows the change in the resonant frequency of the CCW lightwave as a function of temperature. The difference between the changes in the resonant frequencies of the CW and CCW lightwaves indicates an equivalent bias error in the rotation rate for the RMOG, which is illustrated in Fig. 6(b) . The PER of the input beam is 20 dB and the initial phase difference between the two ESOPs is 0, while the misalignment angle of the coupler is 5 and the average loss of the two ESOPs is 0.34 dB. The PDL differences between the two ESOPs are based on five different values of 0, AE0.006 dB, and AE0.012 dB. As seen in Fig. 6 , the bias error is strongly dependent on the temperature of the silica WRR. This is because the phase separation of the two ESOPs varies greatly with temperature changes. The resonances of the two ESOPs approach each other at the temperature of approximately 25 C. At this temperature, the coincidence between the desired and undesired ESOP in the WRR results in a very large error. In addition, the bias error is also affected by the PDL difference, which might be large when the PDL difference becomes significant. Hence, the solution for the reduction of the drift arising from polarization fluctuation must take into account both the temperature optimization of the WRR and the PDL difference control. Fig. 7 shows the relationship between the equivalent bias error in the rotation rate of the RMOG and the temperature of the silica WRR, which are measured at the designated misalignment angle of the CW lightwave at 0.01 , 0.05 , 0.1 , and 0.5 . The equivalent misalignment angle of the CCW lightwave is 5
, and the PDL difference between the two ESOPs is 0.006 dB. Other parameters remain the same as those used in Fig. 6 . Comparing with the bias errors shown in Fig. 6 , the misalignment angle difference and the PDL difference has a similar effect on the bias error.
Polarization Characteristics of the Input Beam
In this section, we will consider the influence of the SOP of the input beam on the resonance curves. Fig. 8(a) illustrates several curves reflecting the change in the resonant frequency of the CCW lightwave as a function of temperature and each curve is measured at a specified value of PER of the input beam. The equivalent misalignment angles of the CW and CCW lightwaves are 5 . Other parameters remain the same as those specified in Fig. 7 . Fig. 8(a) shows that a large PER of the input beam can reduce the bias error of the resonant frequency. In a practical RMOG system, the SOPs of the input beams of the CCW and CW lightwaves differ. This leads to output error of the RMOG. The equivalent error of the rotation rate of the RMOG stemming from the PER difference of the input beams is shown in Fig. 8(b) , where the PER of the input beam of the CCW lightwave is 20 dB. The PER difference between the input beams of the CCW and CW lightwaves are measured at five different values of AE1 dB, AE5 dB, and 8 dB. Comparing with the bias errors shown in Figs. 6 and 7, the PER difference of the input beams has a similar effect to that of the PDL difference and that of the misalignment angle difference. Although the PER of the input beam affects the resonant curves of the WRR, the phase difference between the two ESOPs of the input beam will introduce an additional bias error. In the experiment, the input fiber of the WRR was heated to tune the initial phase difference. A temperature variation of 4 C corresponds to an initial phase difference of 2 rad for a 1-m-long PM fiber. The experimental result is shown in Fig. 3 , which are consistent with our simulation data illustrated in Fig. 9 . By applying five different temperatures to the silica WRR, we observed strongly temperaturedependent bias error. For example, at 25 C, the peak-to-peak variation of the bias error is as large as 5000 /s. In the practical RMOG, the phase difference between the two ESOPs of the input beam varies as the temperature changes. Our study so far suggests that an appropriate temperature applied to the silica WRR might be an effective solution to reduce the temperature-driven errors.
The relationship between the bias of the RMOG and the temperature of the silica WRR is shown in Fig. 10(a) , while the bias stability of the RMOG as a function of temperature fluctuation is shown in Fig. 10(b) , both of which are consistent with the experimental results in Fig. 2(a) and (b) , respectively. The asymmetrical characteristics of the curves arise from the asymmetrical resonance curves of the WRR and the modulation parameters used in the sinusoidal phase modulation technique [19] .
As a further discussion, we emphasize that the bias related to the temperature of the silica WRR mainly results from the temperature-dependent refractive index (RI) of the silica waveguide, which is generally in the order of 10 À5 = C. The bias related to the temperature of the input fiber of the silica WRR associates with the birefringence RI temperature coefficient, which is approximately in the order of 10 À7 = C. Both parameters should be taken into account when analyzing the silica WRR. The former affects the bias error significantly but with slow variation, while the later has a weaker effect on the bias error but with fast variation. In order to reduce the uncertainty of the gyro output, both parameters should be adjusted to the point that temperature variation has minimum effect on the bias error. This could be achieved as follows: First, the resonant waveguide should be set at an appropriate temperature to provide sufficient separation between the two ESOPs. Second, the input pigtail fiber should be short, and its temperature should be tuned to such a value that the initial phase difference is at the extreme point of the quasi-sinusoidal curve. By setting the temperature of the silica to approximately 30 C [refer to region E in Fig. 10(a) ] and the integration of 1 s, the result of the typical output of the stationary RMOG over a 3600 s time span is shown in Fig. 11 . The calculated bias stability from Fig. 11 is 0.67 /s. For an RMOG with a 2.5-cm diameter silica waveguide ring resonator, this result demonstrates the best long-term stability reported so far.
Conclusion
In conclusion, we have comprehensively investigated in this paper the error introduced by the polarization fluctuation in the RMOG. We have demonstrated that an optimized temperature exists, which could minimize this error and thus significantly improve the output bias stability of the gyros. For example, by setting a WRR to 24 C, the bias stability is 13.6 /s. This stability is improved to be 0.67 /s when changing the temperature to 16 C. As a preliminary experiment, the system is composed of discrete components, while our ultimate goal is to develop an integrated RMOG. The bias stability can be further improved by a highly temperature-stable environment applied to the integrated RMOG.
